Introduction
Raman spectroscopy has matured as a specialized research tool but is not widely used as a routine technique in the analytical laboratory. Recent incorporation of stabilized diode lasers for excitation, high quality holographic filters for Rayleigh rejection, a new generation of polychromators for increased resolution, and advanced array detectors for improved detection limits, have created a new class of high sensitivity, versatile Raman spectrometers. [1] The remaining barrier to widespread use of Raman spectroscopythe availability of appropriate databases-is starting to be overcome.
To quote F. A. Miller '…Raman spectra are still not as generally useful as infrared ones for several reasons: there are not as many good reference spectra, there is not as much information on characteristic group frequencies, and quantitative analyses are much more difficult because there is no equivalent Beer-Lambert law.' [2] For an overview of Raman spectroscopy, see Skoog, Holler, and Nieman. [3] Raman yields molecular vibrational spectra complementary to those of infrared (IR) absorption. [4, 5] Raman spectroscopy has several important advantages over the IR absorption technique: [2] • The low Raman cross-section for water allows the analysis of aqueous solutions not amenable to IR absorption techniques. [6] • Nearly any sample, solid, liquid, or gaseous, can be analyzed without modification. Raman spectra can also be taken through the walls of glass containers. [7] • Overtone and combination bands are far less intense in Raman than in IR. Raman spectra are less complex. Band identification and qualitative analysis of mixtures are simplified. [5] With fewer bands in the Raman spectra, loss of discrimination due to band overlap in the spectra of mixtures is less likely, but when band overlap occurs, there is no advantage for Raman over IR spectra.
• Fibre-optic instruments allow sampling in locations remote from the actual instrumentation. [5, [8] [9] [10] Raman spectroscopy also has some distinct disadvantages from IR spectroscopy: [5, 6] • The same relative lack of overtone and combination bands in Raman spectroscopy makes it less sensitive to small structural differences than IR is.
• The relative insensitivity of Raman spectroscopy demands very strong excitation sources (in itself a potential disadvantage from a sample-heating standpoint), which increases the broadband baseline emission intensity due to sample fluorescence. This may be overcome in most cases by changing to longer wavelength excitation, e.g. at 1.06 µm from Nd:YAG (yttrium aluminium garnet) [11] or at 785 nm extra-cavity stabilized semiconductor lasers (see below). There are also new methods for removal of fluorescence by using two excitation wavelengths and subtraction, called shifted excitation Raman difference spectroscopy. [12] • Because Raman is an emission technique, quantitative analysis can be more difficult. In IR spectroscopy, a background scan can readily be performed and the spectrum compared against the sample scan to give corrections for instrumental wavelength-dependent response and at least partial correction for sample-cell effects. In Raman spectroscopy, single-wavelength working curves need to be established on the user's instrument, much as is done for ultraviolet-and visible-spectrum fluorescence determinations.
• Again, because Raman is an emission technique, the familiar quantitative transmission techniques used in IR spectroscopy are not applicable. Sampling considerations in Raman have recently been discussed by Hendra, [7] and photometric standards by McCreery. [13] The Chemical Abstracts Service has marked 675 references as reviews of Raman spectroscopy since the beginning of 2000. Raman and IR spectroscopy have very recently been exhaustively discussed in Chalmers and Griffiths' Handbook of Vibrational Spectroscopy. [14] Several comprehensive reviews have appeared on general Raman spectroscopy covering publications during 1991-1993, [15] and 1995-1997. [16] Additional general reviews have emphasized new techniques during 1997-1999, [17] and on process analytical chemistry including Raman Spectroscopy. [18] One review included many references to Raman spectroscopy although it concentrated on IR spectroscopy. [19] During the last decade, advances in instrumentation have made Raman spectrometers far more accessible and reliable than in the past. [17, 20, 21] Improvements in laser technology, [22] improvements in high-quality volume-phase holographic filters, [23] improvements in high throughput imaging polychromators, [24] the availability of high quantum efficiency low noise array detectors, [2] and the advancement of Fourier-transform (FT) Raman spectrometers [25] have all contributed to this trend. [16] Field-portable Raman instruments are now available. [9, 26] 
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Spectrum Libraries
Raman spectroscopy, long seen as a powerful analytical technique, has been overshadowed by IR spectroscopy for identification of unknown compounds, largely due to the availability of computer-based libraries of known IR spectra and partly due to lack of operator familiarity with Raman as a characterization technique. This topic has been recently reviewed by Lowry. [27] Today, nearly all manufacturers of IR instruments offer spectrum search capabilities and extensive IR spectrum libraries on their computer-controlled spectrometers. [28] [29] [30] The Sadtler company, for instance, introduced their Standard Infrared Collection and Commercial Infrared Collections in 1980. [31] Today these libraries contain well over 130 000 spectra.
We will use the nomenclature 'library' to denote any computer searchable collection of spectra, including 'databases' of both spectra and images. At this stage we have not discriminated among possible sampling techniques used to take the spectra, except to label those used for gas analyses. A search of the Chemical Abstracts in late 2002 revealed approximately 100 unique citations involving libraries and Raman spectroscopy. We have cited all the pertinent ones.
Generalized Raman spectrum libraries, along with appropriate search software, have recently become available from several companies, including Sadtler, Thermo-Nicolet, and SpecInfo. The integrated spectral database system for organic compounds (SDSB) library included 28 500 substances. [32] [33] [34] [35] [36] In addition, smaller specialized libraries are being developed, covering pharmaceuticals, [37] gems and minerals, [38] [39] [40] [41] [42] [43] [44] microbial organisms, [41, [45] [46] [47] [48] [49] biological compounds, [50] [51] [52] biological spectrochemical images, [52, 53] steel corrosion products, [43, 54] nickel corrosion products, [55] uranium fuels corrosion products, [56] paper coatings, [57] contaminants in the microelectronics industry, [58] [59] [60] photographic dyes, [61] pigments and artists' materials, [42, 62, 63] hazardous materials, [64] polymeric materials, [65] [66] [67] lamps and light bulb materials, [68] human calculi, such as kidney stones, [69, 70] coherent anti-Stokes Raman (CARS) spectra, [71] [72] [73] simulated CARS spectra, [74] [75] [76] , gases, [77] and materials of interest in tribology. [78] One of these libraries, a large searchable database of FT Raman spectra containing over 14 000 compounds taken at 1.06 µm, has become commercially available from Thermo-Nicolet. Five different comparison algorithms are available for spectroscopic comparisons within this library. [79] 
Applications and Algorithm Studies
In addition to the references revealing the development of searchable spectrum libraries, this type of analysis has been used in analyses of pulp and paper, [80] contamination in microelectronics, [81] pigments, [82] document identification (patents), [83] antibiotics, [84] microbial identification, [85] and thin-layer chromatography. [86] Several references address developments in spectrum comparison algorithms and programming. Citations of spectrum search algorithm development include reviews by Davies and McIntyre, [87] Brown et al., [88] and Lavine et al. [89, 90] Further discussions concern the effects of presearch spectrum corrections, [91] potentially specialized algorithms for aerosol analysis, [92] the effect of digital precision, [93] principal component analysis of pigment spectra, [94] substructure/subspectrum correlation, [95] wavelet transform algorithms, [96] neural networks, [46, 47, 49] and general applications. [97] [98] [99] The novel Raman spectrometer, based on a multichannel FT technique, differs fundamentally from dispersive spectrometers and FT-Raman systems. [100] Spectra from this instrument have been successfully analyzed by spectrum search against a library of spectra obtained on a dispersive instrument.
Other Search Programs
The 'KnowItAll' informatics system has recently been announced. [101] The SCANNET program has been developed for organic compound structure/spectrum correlation, including Raman, NMR ( 13 C, 1 H), IR, mass, and UV/vis spectra. [102] [103] [104] [105] [106] The earliest reference to a Raman spectrum search program is by Degen in 1976. [107] Searching of commercial spectrum libraries is also available over the Internet on a pay-per-search basis for both IR and Raman via FTIRsearch.com. [108, 109] In October 2000, over 71 000 FT-IR spectra and 16 000 Raman spectra were available for on-line searching, based on the Nicolet databases.
Objectives
In FT techniques, all optical frequencies are observed simultaneously and their wavelengths are calculated from the interferogram via reference to a laser-most commonly a helium-neon laser. [25] In contrast, a dispersive instrument distributes the wavelengths spatially across a detector-the placement of the wavelengths on the detector is referenced to standard neon lines. The laser wavelength is calculated by reference to a standard cyclohexane spectrum. The calculated laser wavelength is then used to calculate the Raman shift of the sample spectra.
These differences in methodology lead to subtly different spectra. The small differences do have an effect on identification of samples when dispersive spectra are compared with FT spectra available in commercial libraries.As demonstrated herein, such comparisons have been successful, indicating that it will not be necessary to construct large, expensive, general libraries of dispersive spectra.
There are three purposes to this paper: (1) Review the utility of the Thermo-Nicolet Raman spectrum library search package as an example of qualitative analysis using Raman spectra of both pure compounds and mixtures. (2) Demonstrate that uncorrected spectra obtained on a dispersive Raman instrument, using 785 nm excitation, can be successfully analyzed using an uncorrected library of spectra obtained on FT Raman instruments using 1.06 µm excitation despite the instrumental differences. (3) Demonstrate that library spectra obtained on a dispersive instrument at 514 nm, in conjunction with library spectra acquired at 785 nm, can be used to identify minerals using spectra acquired at 785 nm.
The studies presented here demonstrate that Raman spectroscopy, combined with library searching, can be a powerful tool for rapid identification of organic compounds and minerals.
Results
The Omnic 5.0 spectral search software, available from Thermo-Nicolet, was used for sample identification. The algorithms available in the software represent the most commonly available search methods. Other chemometric methods, such as partial least-squares and neural network algorithms, are being developed, [90] but were not available in Omnic.
Out of the five comparison algorithms available in the Omnic search software, correlation (CO) and absolute derivative (AD) were found to provide the best identification. These algorithms are described in the Experimental section. Tables 1  and 2 show the results of Raman library searches on the five pure solvent spectra. Tables 3-8 show the results of library searches on the six mixtures to compare the accuracy of Raman search results with the accuracy of comparable searches for IR spectra. Table 9 shows the result of Raman library searches on the mineral sample spectra.
Pure Solvent Raman and IR Spectra
The Raman spectra of five pure solvents-cyclohexane (CyH), benzene, toluene, trichloroethylene (TCE), and (Tables 1 and 2 ). The highest quality match was correct, with all the available search algorithms yielding the same result. The five IR spectra of the pure solvents were similarly correctly matched in the IR library. The Raman spectra match values for the five pure solvents were all above 70. Values for obviously bad matches tended to be below 60. Pure CyH was found to give a match value of 76.1 against the pure CyH spectrum in the HR Aldrich Raman library. This led us to expect that correct compound matches between these experimental dispersive Raman spectra and the higher resolution FT spectra in the HR Aldrich Raman library would rarely give match values greater than approximately 76-78.
Raman Spectra of Mixtures
The AD algorithm was found to yield the best results and was subsequently used for all mixture spectra. The conditions used to obtain the library database spectra, which were uncorrected for instrumental throughput effects (a 1.06 µm source and an FT instrument), were very different conditions from those used to obtain the unknown spectra (an uncorrected dispersive instrument and 785 nm excitation). The natural biases resulting from such search comparisons are effectively reduced by the use of the AD algorithm.
The search results for pure benzene also showed that the AD algorithm gives a large weight to narrow bands. The superior performance of the AD algorithm is not surprising, given the differences in relative peak heights between the spectra of mixtures and those of the pure compounds. These differences appear because of the presence of unresolved peaks and because the spectra from the dispersive and FTRaman instruments have not been corrected for spectrometer throughput.
All mixtures, except that of the Excedrin tablet, consisted of approximately equal proportions (by volume) of the three reagents. The ten highest quality matches for each mixture are shown in Tables 3-8 ; the number one match is the best, that is, it has the highest mathematical score according to the comparison algorithm. Matches that correspond to known components of the mixture are shown in bold. For the Excedrin tablet, the known components were taken to be those main ingredients listed on the package. For all mixtures analyzed, the known components were within the top five matches. Figure 1 shows the IR and Raman spectra of the Excedrin tablet.
IR Spectra of Mixtures
These also show the results of a library search performed on the IR spectra of the same six mixtures. The CO algorithm was used in all cases. It is the most commonly used algorithm, and there was insufficient difference between the resolutions of the experimental and library spectra to justify using the AD algorithm. The tables illustrate the best ten matches; correct matches are in bold. Raman analysis identified all mixture components within the five unique best matches. IR analysis was equally successful on two of the mixtures, identified all three within the first ten hits on another mixture, and missed one component in each of the remaining mixtures.
The use of a NaCl transmission cell and all data presented by the spectrometer (4000-400 cm −1 ) produced uniformly poorer matches, except for the hexane/heptane/octane mixture (Table 3) . NaCl transmission falls off below 600 cm −1 , and the spectrometer software completes the spectra from approximately 550 cm −1 to 400 cm −1 with meaningless data. The hexane/heptane/octane mixture had no significant features between 600 and 400 cm −1 , so the NaCl cell spectrum was adequate. On the other hand, inclusion or exclusion of meaningless data between 600 and 455 cm −1 300 800 1300 1800 2300 2800 3300
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Fig. 1. IR (top) and Raman (bottom) spectra of the Excedrin tablet.
The Raman spectrum is of the unmodified tablet, the IR spectrum is of a KBr pellet.
made no significant difference to the identification of the methanol/ethanol/acetone mixture ( Table 4 ). The xylenes mixture was perfectly identified by both Raman and IR, only when IR analysis was performed with a KBr cell ( Table 5 ). The xylenes spectra taken with KBr windows contain real features down to 400 cm −1 . Proper identification of the xylenes mixture thus required the bands between 600 and 455 cm −1 (the library spectra extended to 450 cm −1 ). Figure 2 shows the IR spectra of the 1 : 1 : 1 v/v/v mixture of o-, m-, and p-xylenes taken through both NaCl and KBr windows. The spectrum in Figure 2 , taken with NaCl windows, presents a false broad peak near 525 cm −1 . p-Xylene has a strong sharp peak near 485 cm −1 , o-xylene has two weak sharp peaks (580 and 505 cm −1 ), whereas m-xylene has no peaks in this region. The additional information present in the spectra taken in KBr was sufficient to give higher match values to the xylene isomers. The xylenes library spectrum, however, had excellent correspondence in all the rest of the spectrum, as it should have, being approximately the same mixture as the experimental sample.
To further demonstrate a pitfall of IR library search identification of mixtures, the hexane/heptane/octane spectrum was purposely performed in a KBr cell with an excessively long path length (Table 3) . With truncated absorbances for the CH stretching bands, identification of the mixture component was poorer than in the NaCl cell, which had a shorter path length, and the match values fell from approximately 90 to 75.
For the hexane/heptane/octane mixture using the CO algorithm (Table 3) , and for several other mixtures when using other search algorithms, several unexpected but highly ranked search hits appeared. During an IR search on the xylenes mixture spectrum taken in the NaCl cell case and using the AD algorithm, K 2 TaF 7 , which has a very strong broad band mimicked by the broad 'feature'near 531 cm −1 in the xylenes spectrum, was ranked third. In the KBr cell case, using the AD algorithm, K 2 SiF 6 , which has a strong sharp band similar to that of p-xylene near 482 cm −1 , was ranked fifth. In addition, library searches on the hexane/heptane/octane mixture using the AD algorithm gave matches for wholly inorganic solids with bands in the CH 2 scissor region. The spectra in the library for these and many other solids appeared to have been taken as Nujol-like mulls, although this was not indicated in the library, nor could such spectra be excluded from the lists of possible matches.
Curiously, for the benzene/toluene/CyH mixture, toluene was not in the hit list for IR spectra taken with either window material, and no correct matches were made in the NaCl cell despite limiting the data range (Table 6 ). Toluene is responsible for a medium-intensity sharp band near 464 cm −1 . We also noted the complete absence of acetone from both IR match lists for the methanol/ethanol/acetone mixture ( Table 7) .The search did, however, offer butanones as possible matches for the carbonyl function. Similarly interesting was the absence of caffeine from the IR match list for the Excedrin tablet (Table 8) . Pure caffeine has a strong Raman band near 555 cm −1 , which is apparently identifiable in the Raman library, but no sufficiently unique bands to be identifiable in the IR libraries.
Raman Spectra of Xylene Mixtures
As the relative concentration of mixture component decreases, it should become more difficult for a library search to correctly identify that component. In order to assess the limits of such compound identification, mixture samples of m-, o-, and p-xylene were prepared in which the relative concentration of p-xylene decreased by gradations from an amount equal to that of the other two components. p-Xylene was chosen because it has several intense distinguishing peaks that are completely resolved with respect to m-and o-xylene. These mixtures should have represented a favourable case for identification of the components. Furthermore, the structural similarities of the three compounds should have insured that the Raman cross-sections and densities were also approximately similar. The Raman spectra of three of these mixtures are shown in Figure 3 . The most significant spectroscopic features corresponding to p-xylene are labelled. The AD algorithm was used for all spectra searches. The top spectrum in Figure 3 was taken from an equal mixture of the three components. Xylenes was the best match for this mixture, whereas p-, m-, and o-xylene were the second-, third-, and fourth-best matches. In the middle spectrum, the relative concentration of p-xylene had been reduced to 15%, and the library search of this mixture showed that p-xylene had dropped to the fifth-best match. For a 12% solution (not shown), p-xylene dropped to sixth position. For the bottom spectrum, of a 9% solution, p-xylene was no longer included as one of the ten best matches.
Difference Spectroscopy for Identification of Trace Components
The identification of mixture components at less than 15% concentration was clearly not feasible by a simple search of the raw spectrum. Once a component is known to be present in a mixture, however, the pure spectrum of that component could be subtracted from the raw spectrum ('spectrum stripping'), enabling a search that should yield better results for the remaining components.
To demonstrate this procedure, a mixture consisting of 90% o-xylene, 9% m-xylene, and 1% p-xylene was prepared. The spectra of pure o-and m-xylene used for subtraction could be obtained from the library but could not be used, because the FT-Raman spectrometer used to acquire the library spectra had a different instrument response function from the dispersive instrument used in this study. The Raman spectra of pure m-and o-xylene were therefore collected on the same instrument as the spectra for the xylene isomer mixture. Figure 3 shows the spectrum of the initial xylenes mixture. The Raman spectrum library search results for this mixture were as follows:
Note that o-xylene was the only correct match within the first five hits. Figure 4 shows the difference spectrum produced by subtraction of the o-xylene spectrum. Spectrum subtraction was accomplished manually using the Omnic software. The subtraction factor was changed to minimize the intensities of peaks at 1057 and 584 cm −1 due to o-xylene. Minimization was decided visually by operator, rather than by any calculation. The search results for this spectrum were as follows:
1. m-xylene 2. xylenes, isomers plus ethylbenzene 3. 3-methylbenzylamine 4. m-xylenediamine 5. 3-ethylaniline Figure 5 shows the results after spectrum subtraction of m-xylene from the previous difference spectrum. The subtraction was changed to minimize the intensity of the peaks at 1000 and 538 cm −1 due to m-xylene. Minimization was decided visually by operator, rather than by any calculation. It can be seen from this spectrum that the previous subtractions were not perfect.A few over-subtraction features were visible, as well as residual spectroscopic features associated with the other two isomers. The spectrum exhibited peaks distinctive Note that p-xylene is now identified even at the 1% level.
In a more rigorous treatment, an aggregate residual could be calculated for the wavelength regions corresponding to all bands of the spectrum to be removed-minimization of the residual would provide an objective subtraction factor. For the purposes of demonstration of a user-friendly method, however, subjective subtraction was adequate.
The procedure of spectral subtraction of a scaled pure component spectrum is analogous to background subtraction in a transmission experiment. Non-level baselines will be partially levelled during subtraction, depending on the scale factor used. Wavelength-dependent sensitivity will, however, not be addressed by subtraction of spectra. The identification of p-xylene at the 1% level shows that further response correction is not necessary for successful qualitative and semi-quantitative analyses. Table 9 shows the results of a library search on the spectra of three minerals: a pink sapphire, a small blue inclusion completely contained within the pink sapphire, and a sample of a meteorite. The inclusion was identified after subtraction of contributions to the spectrum from the pink sapphire that surrounded the inclusion. The CO algorithm was used in all cases. Correct matches are in bold.
Identification of Minerals
Raman analysis correctly identified various sapphire spectra as the top three matches. The inclusion spectrum distinctly matched the sole library spectrum of the mineral hauyne ((Na,Ca) [(SO 4 ) 2-1 |(AlSiO 4 ) 6 ]), despite the fact that the library spectrum was acquired at 514 nm and the sample spectrum at 785 nm. The meteorite was identified as either diopside (CaMgSi 2 O 6 ) or enstatite (Mg 2 Si 2 O 6 ). These library spectra represent an assortment of reference, mainly single crystal samples, but the top matches for both diopside and enstatite were spectra of massive samples, like the meteorite. The meteorite spectrum acquired at 785 nm matched spectra acquired at both 785 nm and at 514 nm.
Discussion
The additional features made available in the 600-450 cm −1 region through the use of KBr cells, rather than NaCl cells, was crucial to the IR analysis of the xylenes mixture. Similarly, the elimination of a false 'peak' near 530 cm −1 in the NaCl cell spectra, caused by the cut-off of NaCl transmittance near 600 cm −1 , eliminated the appearance of wildly incorrect compounds in the match lists. These observations reveal a trap awaiting neophyte analysts; the use of IR cells with limited wavelength ranges of transparency can introduce spectroscopic artifacts that can lead to inappropriate library matches. On the other hand, Raman spectroscopy/spectrum searching does not present this difficulty.
To improve the match quality between library spectra taken on one instrument and sample spectra taken on another, several attempts were made to identify the prime causes for poor match values and to create simple correction procedures to be applied to sample spectra prior to library searching. First, a sample spectrum was divided into several wavelength ranges and each range individually scaled to try to match peak heights with corresponding bands in the library spectrum. This produced no better results than using the amplitude-insensitive AD algorithm. Second, a sample spectrum was convolved with a continuously varying Gaussian function to try to remove the wavelength dependence of the band width across spectra collected on the dispersive instrument. Band widths in the Raman library spectra were constant because the FT process does not introduce wavelength-dependent bandwidths, so spectra from the dispersive instrument were widened progressively across the wavelength range. This process slightly improved the match values, but not dramatically.
Further improvement in match values and library search accuracy would no doubt be obtained by correction of both the library spectra and the sample spectra for the respective instruments' response functions by the methods discussed by McCreery. [13] The results of the experiments described here, however, indicate that quite good results may be had without such tedious corrections.
The poor discrimination between potential components in sample mixtures is not unexpected. There are no single compounds in the library combining all the spectroscopic features of the mixtures. Hence there is not a good correspondence between the spectra, and many spectra give similar match values.
The algorithms utilized in this study are rather simple compared with chemometric routines. The authors chose to not perform a comparison of the search algorithms with chemometric routines for several reasons. First, the routines and, except for the mineral database, the libraries utilized are commercially available. Second, the commercial libraries were not in a format that is convenient to import into a chemometric software package. Third, use of the software is simple and requires no specific knowledge of the math behind the user interface, and therefore is more accessible to an average user.
In reality there is rarely a complete lack of information about an unknown sample. The available information can be used to limit the possibilities presented by Raman or IR library searching. Solid samples (usually) do not contain liquid compounds and library matches with liquid compounds are incorrect. These results must be examined carefully, nonetheless. With a single-component sample, there is a large difference between the match value for the correct match compound to the second best match-here the difference was over 10 points for Raman library searches. For the chlorocarbons experimental mixture, the difference between the first and second match values in the IR library search was over 25 points. If such a mixture were examined in a blind test, one could incorrectly conclude that it contained only TCE. In contrast, in the Raman analysis, the chlorocarbons experimental mixture gave values from 56 to 54 for the correct matches (the first three), but the fourth place match was only 1.5 points behind third place. If such a mixture were examined in a blind test, one could not establish from the library search alone that the mixture contained only three components. Small noise features or minor mixture components could shift the possible match values enough to reorder the possible compounds suggested by the search procedure.
Additional information, either non-spectroscopic or from other types of spectroscopy, can be utilized to substantiate identification of minerals. For example, the inclusion, shown in Figure 6 , was identified as hauyne. This is a reasonable match, considering that the shape of the inclusion was cubic, the colour was blue, and that hauyne is commonly found in the same locality where the sapphire was collected.
The identity of the meteorite can also be suggested as a reasonable match due to additional information. This meteorite has also been previously reported to consist of over 90% pyroxenes. [110] Both diopside and enstatite are members of the pyroxene group. The meteorite spectrum displays characteristics of both diopside and enstatite spectra in the mineral library. Neither of the two minerals came up with a significantly higher match value than the other, so it is difficult to determine which is the correct match solely on basis of the search. Two of the more obvious reasons that diopside matched better than enstatite are the missing peaks in the meteorite spectrum at approximately 400 and 1000 cm −1 . On the other hand, in the meteorite spectrum there is a shoulder on the peak at 675 cm −1 that is coincident with a peak in the enstatite spectrum, whereas only a single peak appears in this location in the diopside spectra. The reader is presented with the spectra of the meteorite and the top four matches in Figure 7 . 
Conclusions
These dispersive Raman spectra of organic compounds, mixtures, and minerals were more than adequate for successful analyses using spectrum searching, although the organic compound Raman library spectra were taken using an FTRaman spectrometer and were uncorrected for instrument response. Raman spectra of minerals were also successfully analyzed using 785 nm excitation, even though some of the library spectra were acquired at 514 nm. Comparisons with libraries obtained using more similar instruments or databases corrected for instrumental throughput would probably have been even more remarkable.
A successful search has been defined here as one yielding correct matches of the experimental mixture components within the first five matches. Successful analysis of the six organic compound mixtures of interest was achieved using Raman spectroscopy. Spectrum searches of IR spectra were less successful, possibly because IR spectra are generally more complicated than Raman spectra-they often contain combination and overtone bands rare in Raman spectra. A given IR peak or spectroscopic feature is less likely to be unique for a specific compound, reducing the likelihood in searching a large spectrum library that the search algorithm will select a correct match. For this reason, Raman spectroscopy may be inherently superior for the qualitative analysis of mixtures.
Raman analysis may also be superior in some cases because the selection rules for Raman are different than for IR. The n-alkane mixture used in this study provides an excellent demonstration of this superiority. The IR spectra of hexane, heptane, and octane are so similar that it is difficult to tell them apart. The Raman spectra, on the other hand, exhibit unique features for each of these components. Figure 8 shows the Raman spectrum of this mixture below 600 cm −1 . The labelled features correspond to C C C bending and are distinctive for the three similar hydrocarbons. These modes are known to be weak or nonexistent in the IR. [111] Analyses of the xylene mixtures suggest that if a mixture component has approximately the same Raman cross-section as other major constituents, and some resolved spectroscopic features, it should be detectable down to about 15% of total volume. In the xylenes case, the spectrum stripping analysis was able to detect the same analyte at 1% of total volume.
A fair comparison of IR and Raman must also take into consideration the sampling requirements of the techniques. For liquid samples, IR requires that the container be opened so that a few drops can be placed between salt plates or in a cell. Raman spectra can be taken right through the glass bottle, and no contact with the liquid is required. Such sampling could be a great benefit in some applications. For example, the major components in a glass bottle of unknown lab waste could be identified without opening the bottle and exposing technicians to possibly toxic contents. In addition, IR would have been difficult to use in the identification of the mineral inclusion because the sample was buried inside the sapphire and the sapphire would have dominated the resultant spectrum. The Raman microscope, because of its confocal focussing ability, allowed maximization of signal from the inclusion and minimization of signal from the bulk mineral. This permitted identification of the inclusion without having to destroy the sample to perform X-ray powder diffraction analysis.
The probability of success in qualitative analysis of mixtures by spectrum searching can be maximized. We are now in a position to make the following suggestions:
• A marked decrease in match values caused by a lowquality experimental spectrum (here an excessive optical path length resulted in match values falling from 90 to 70) was accompanied by increasingly inappropriate matching compounds. This suggests that path lengths and sample preparation for spectrum searching, particular in IR spectroscopy, should be stringently controlled to minimize misidentification of components.
• Solid sampling is more convenient using Raman instrumentation. The sample can usually be analyzed without modification, as was the Excedrin tablet used in this study. By comparison, preparation of a KBr pellet is significantly more time consuming and difficult, as well as destructive to the sample. Certainly the presence of spectra of solid compounds prepared as hydrocarbon mulls in the IR libraries makes IR library searching somewhat confused. Until this point is resolved, we will state dogmatically that one should exclusively use Raman library searching for qualitative identification of solid samples.
• The AD spectrum matching algorithm was found to give correct identification of mixture components even though the experimental spectrometer had neither the same resolution, nor the same throughput function, as the spectrometer used to produce the library spectra. Other matching algorithms did not identify the components as accurately. For this reason, we suggest that the AD algorithm be used to compare experimental spectra taken on a dispersive Raman spectrometer (or at a different resolution than the library spectra) with a spectrum library database developed on an FT-Raman instrument.
Raman spectroscopy should become a routine analytical technique in the near future. Qualitative identification by Raman can often be accomplished in less than a minute, often with no sample preparation. Successful identification of unknown samples by this means, although not always possible, will avoid the necessity for more time-consuming or destructive analytical techniques. In laboratories where large numbers of samples must be analyzed, a significant increase in throughput could result.
Experimental
All reagents used for analysis were purchased from Aldrich (Milwaukee, WI) and were of 98% or greater purity. The Excedrin tablet was purchased locally. The mixtures were chosen to represent what we anticipated to be spectroscopically distinctive sets of compounds (alcohols plus ketone, arene plus alkarene plus alkane, chlorocarbons), sets of compounds similar in the IR but dissimilar in the Raman (m-, o-, p-xylenes), sets of very similar compounds (hexane, heptane, octane), and at least one solid mixture (Excedrin). The pink sapphire, courtesy of American Gemological Laboratories, was approximately 1.5 × 0.5 × 0.5 cm with a blue inclusion approximately 1 mm beneath the surface of the sapphire. The meteorite sample was a 91 mg portion of the Allan Hills meteorite (ALHA 84 001, 172).
Raman spectra used for comparison with the database were taken using a laboratory-built Raman spectrometer. The laser was a semiconductor diode laser (SDL model 8530, San Jose, CA) and was wavelength stabilized at 785 nm. Laser power was set at 200 mW. The beam was directed through a holographic bandpass filter (Kaiser Optical Systems, Ann Arbor, MI) and then focussed onto the sample. A collection mirror was oriented at 180 • to the sample and the collimated scattered light was directed through a holographic notch filter (Kaiser Optical Systems) to eliminate Rayleigh scattered light. The resultant Raman scatter was dispersed using an Oriel polychromator (model MS 257, Stratford, CT) with a 100 µm entrance slit and a 600 groove mm −1 grating. Detection was accomplished with a Tektronix 1024 × 1024 backside-illuminated CCD array interfaced with a CC200 controller (Photometrics, Tucson, AZ). The energy range observed was 140-2230 cm −1 (793-951 nm). The dispersion of the polychromator and the size of the CCD array limited this energy window. Instrument control and data collection were implemented by a custom LabVIEW program (National Instruments, Austin, TX). The Raman spectra of all liquid samples were taken through the sides of 16 mL bottles (Kimble, Vineland, NJ) made of KG-33 borosilicate glass. The Excedrin spectrum was taken from an unmodified tablet. The spectra of the sapphire and its inclusion were acquired through a microscope objective, allowing minimization of sapphire contribution to the inclusion's spectrum. The meteorite spectrum was also acquired through an Olympus UPlanFl 10 × infinity-corrected microscope objective for ease of handling such a small sample. The spot size of the laser through the objective was approximately one fifth of the size of the inclusion.
Raman spectra acquired at 514.5 nm were excited with a argon ion laser (543 series, Melles-Griot, Carlsbad, CA) and dispersed through a spectrometer (Spex HR 460, Jobin Yvon, Edison, NJ). A 1152 × 256 pixel CCD (Princeton Instruments, Monmouth Junction, NJ), run by WinSpec software, was used for detection.
IR spectra were taken using an FT-IR absorption spectrometer (model 510P, Nicolet, Madison, WI). Liquid samples were held as capillary films, either between two flat KBr discs or between two flat NaCl discs. The Excedrin tablet was ground to powder, mixed (2% by weight) with dry KBr, and then pressed into a pellet. A background was subtracted from the raw spectrum.
All organic compound library searches were performed using Omnic 5.0 software (Nicolet). The 'HR Aldrich Raman library' containing FT spectra of 14 033 compounds or mixtures with a data point spacing of 1.928 cm −1 , was used for Raman searches. The 'HR Aldrich FT-IR Collection II' contained spectra of 18 454 compounds or mixtures present at a data point spacing of 1.928 cm −1 and was used for IR searches. The spectra in the Raman libraries were uncorrected for instrument response. The spectra in the IR libraries were corrected by background subtraction. Experimental spectra were subjected to library searching without modification. The Omnic software automatically matches the spectrum comparison ranges to the limits of the sample and library spectra.
The libraries used in the mineral experiments were created at the University of Arizona using either 514 or 785 nm excitation. Several spectra of the same mineral from different localities or from different crystal orientations were incorporated into the library, resulting in a library containing more than 2000 spectra of over 300 different minerals. [38] The search algorithms employ Equations (1) (correlation) and (2) (absolute derivative), to yield 'match' values reported by the Omnic software. [112] An exact overlap of two spectra would give a match value of 100.0. To speed the matching process, square roots of the summation terms were not taken in the usual 'Euclidian distance' fashion. This does not change the order of the match values. Points x i indicate sample spectra; points r i indicate library reference spectra.
where N = The CO algorithm removes any baseline offset in the unknown spectrum and uses large peaks and peak shape to find good matches. The AD algorithm, most useful for searching by peak position, removes any baseline offset and emphasizes small peaks and peak shifts. The AD algorithm requires highly ranked hits to possess the major bands in the sample spectrum, but does not seem to reduce the rankings of library spectra containing superfluous bands. [79] 
